Transport of membrane proteins between intracellular compartments requires specific sequences in the protein cytoplasmic domain to direct packaging into vesicle shuttles. A sequence that mediates export from the endoplasmic reticulum (ER) has proved elusive. A di-acidic signal (Asp-X-Glu, where X represents any amino acid) on the cytoplasmic tail of vesicular stomatitis virus glycoprotein ( VSV-G) and other cargo molecules was required for efficient recruitment to vesicles mediating export from the ER in baby hamster kidney cells. The existence of such a signal provides evidence that export from the ER occurs through a selective mechanism.
A Di-Acidic Signal Required for Selective Export from the Endoplasmic Reticulum
Noriyuki Nishimura and William E. Balch* Transport of membrane proteins between intracellular compartments requires specific sequences in the protein cytoplasmic domain to direct packaging into vesicle shuttles. A sequence that mediates export from the endoplasmic reticulum (ER) has proved elusive. A di-acidic signal (Asp-X-Glu, where X represents any amino acid) on the cytoplasmic tail of vesicular stomatitis virus glycoprotein ( VSV-G) and other cargo molecules was required for efficient recruitment to vesicles mediating export from the ER in baby hamster kidney cells. The existence of such a signal provides evidence that export from the ER occurs through a selective mechanism.
Vesicular transport of proteins between intracellular compartments is coordinated by the activity of coat complexes that direct the selection of cargo through cytoplasmic signals and budding from membranes (1, 2) . These coat complexes include clathrin, which mediates sorting of receptors containing Tyr-based motifs from the trans-Golgi network and the cell surface (3); COPI, which binds di-lysine motifs and functions to direct retrograde transport of proteins from pre-Golgi and Golgi compartments (4, 5) ; and COPII, which participates in protein export from the ER (1). A signal that directs recruitment of proteins to COPII-coated vesicles remains to be defined. VSV-G is a type 1 transmembrane protein that forms a homotrimer (6) . It has a 29-amino acid oligomer (29-mer) cytoplasmic tail at its COOH-terminus that may be important for ER export (7) . Consistent with this possibility, we found that addition of a 29-mer cytoplasmic tail peptide to an in vitro ER to Golgi transport assay in baby hamster kidney (BHK) cells inhibited VSV-G transport in a dose-dependent manner (Fig. 1A) . We also analyzed the transport of truncated VSV-G mutants in vivo with a vaccinia virus transient expression system. A mutant lacking the entire 29-amino acid cytoplasmic tail of VSV-G is defective in folding and oligomerization (7) and exits the ER very slowly (Fig. 1B) . In contrast, a mutant lacking 26 amino acids of the cytoplasmic tail is not defective in folding or oligomerization (7), yet is also exported at a reduced rate (Fig. 1B) .
To locate the region in the COOHterminal 26 amino acids responsible for ER export, we generated a series of truncation mutants (Fig. 1C) . Deletion of the COOHterminal five amino acids had no effect on ER to Golgi transport at the 20-min time point, whereas removal of eight amino acids reduced transport by nearly 80% (Fig. 1C) . Deletion of residues 1 to 9 or 6 to 13 had no effect, whereas deletion of residues 1 to 13 showed a partial decrease in transport efficiency (Fig. 1C) . Deletion of residues 14 to 24 reduced transport to the amount observed for the residue 4 through 29 deletion (del 4-29) truncation (Fig. 1C) . These results demonstrate that a spacer region from the membrane is necessary to present a signal critical for ER export that resides within residues 14 to 24.
To identify specific residues required for transport, we substituted amino acid residues 14 to 24 individually with Ala. The Ala scan revealed that neither the Tyr nor Ile residues, which are critical for basolateral sorting (Fig. 1C) (8) , were required for ER export. Rather, two acidic residues, the Asp at position 21 (D21) and the Glu at position 23 (E23) ( Fig. 2A) , when mutated individually or in combination, reduced the rate of ER to Golgi transport to that observed for the del 4-29 construct (9) . The requirement for the DXE sequence was specific because mutation of D21 to E or R, or E23 to D or R, also caused reduced export ( Fig. 2A) . Examination of transport over a longer time course (Fig. 2B ) revealed that the transport defect resulting from mutation of the di-acidic motif predominantly affected the rate of export; the extent of transport was less strongly affected at later time points. The decreased rate of transport correlated with a reduced rate of VSV-G export from the ER as detected by indirect immunofluorescence. Wild-type VSV-G had a prominent Golgi distribution at the 10-min time point, whereas a double mutant in which the DXE signal was mutated to AXA remained localized to the ER (Fig.  2C ). ER export of the double mutant appeared to occur through a COPII-mediated pathway (2, 10) because VSV-G transport remained completely sensitive to Sar1 mutants that block the assembly of COPII Table 1 . Alignment of the DXE motif found in the cytoplasmic domain of transmembrane proteins. Sequences were obtained from the National Center for Biotechnology Information (NCBI). Asialoglycoprotein receptor, ASGPR; varicella zoster virus glycoprotein I, VZV GPI. The Yxx motifs are underlined. The acidic residues conforming to the di-acidic signal (DXE) involved in ER export are highlighted in bold. Proteins containing a more general (D/E)X(E /D) signal found on the COOH-terminal side of a Yxx motif are listed in (27 To determine if mutation of the DXE motif interfered with VSV-G maturation, we examined the kinetics of folding and oligomerization of wild-type and mutant VSV-G. Folding of wild-type VSV-G involves sequential interaction with the chaperones immunoglobulin-binding protein (BiP) and calnexin (6, 12, 13) . Wildtype VSV-G was released from calnexin with a half-time (t 1/2 ) of ϳ10 min. Release of either the single-or double-Ala substituted forms of VSV-G from calnexin occurred at the same or slightly faster rate than that observed for wild-type VSV-G (Fig. 3A) . We also observed similar or accelerated rates of trimerization of the VSV-G tail mutants compared with the wild-type protein (Fig. 3B) . The accelerated kinetics of folding and trimerization of VSV-G mutants are analogous to those previously reported for a truncated VSV-G lacking 28 residues of the cytoplasmic tail (7) . Because mutation of the di-acidic signal did not interfere with VSV-G maturation, folding and oligomerization do not appear to be the steps responsible for the reduced rate of export of VSV-G mutants containing the Ala-substituted DXE motif.
If the DXE motif functions as an exit signal, then these residues should confer export to a protein that is normally retained in the ER. We generated chimeras in which the transmembrane and cytoplasmic domains of the ␣ subunit of the T cell receptor (TCR) were replaced by those of VSV-G (Fig. 4A) . TCR␣, like VSV-G, is a type 1 transmembrane glycoprotein. Unlike VSV-G, TCR␣ cannot exit the ER in the absence of other Trimer formation was determined as described (7 ) . The fraction of VSV-G converted from the monomer to trimer is expressed as percentage of total VSV-G at the indicated time points.
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www.sciencemag.org ⅐ SCIENCE ⅐ VOL. 277 ⅐ 25 JULY 1997 TCR subunits and is rapidly degraded after synthesis (14) . The determinant directing retention and degradation of TCR␣ in the ER is present in the transmembrane domain (15) . A chimera containing the cytoplasmic domain of VSV-G linked to the luminal and transmembrane domains of TCR␣ was rapidly degraded and did not exit the ER, suggesting that the DXE signal cannot override the dominant effects of the transmembrane retention and degradation signal. In contrast, when the extracellular domain of TCR␣ (TCR␣T) was expressed in the absence of the transmembrane region, it was not degraded and was stably retained in the ER (Fig. 4B ) (16) . A chimera containing the extracellular domain of TCR␣T joined to the transmembrane and cytoplasmic domains of VSV-G (TVVwt) was efficiently (Ͼ30%) exported (Fig. 4B) . Export was completely blocked in a chimera in which the di-acidic motif was mutated to Ala residues (TVVaa). The cytoplasmic DXE motif, therefore, is sufficient to direct ER export.
To determine whether the DXE export signal found in the VSV-G cytoplasmic tail functions in other transmembrane proteins, we found that lysosomal acid phosphatase (LAP), a type 1 transmembrane glycoprotein which is targeted to lysosomes through the plasma membrane by a Yxx signal (17, 18) , also had a DXE signal on the COOHterminal side of its Yxx motif (Table 1) . In LAP, substitution of this DXE motif with Ala impairs internalization from the cell surface, but does not affect basolateral sorting (19) . To test whether the di-acidic motif found in LAP is also critical for efficient ER export, we generated a chimera between the cytoplasmic tail of LAP and TCR␣T with the transmembrane region of VSV-G as a linker (TVLwt). TVLwt was efficiently exported from the ER (Fig. 4B) and export was largely inhibited when the Asp and Glu residues in the LAP sequence were mutated to Ala residues (TVLaa). Thus, the DXE motif in LAP, like VSV-G, also serves to promote efficient export from the ER.
Our results provide evidence for a signal that directs the export of cargo from the ER. A diphenylalanine motif (FF) was recently suggested to promote export of proteins from the ER (20) . However, the processing of a reporter glycoprotein by cis-Golgi enzymes continued following mutation of the FF motif to Ala residues (20) . Whether the FF motif functions in concert with a dilysine motif to direct recycling through interaction with COPI coats or augments export from the ER remains to be determined (21) (22) (23) . Whereas the di-acidic signal appears to be critical for controlling the efficiency of export of VSV-G, mutation of the signal does not limit the extent of transport. This accounts for the inability of previous studies to detect the role of the DXE signal in ER export (8, 19, (24) (25) (26) .
A di-acidic motif located at variable distance on the COOH-terminal side of the Yxx motif can be found in many, but not all, transmembrane cargo molecules exiting the ER (Table 1) (27) . The juxtaposition of these two signals suggests that such regions in the cytoplasmic domain of cargo proteins may direct sequential interaction with multiple coat machineries. In one of these proteins, the CD3ε subunit of TCR, substitution of Tyr 177 with an acidic residue such as Glu or Asp, but not with Ala, led to loss of normal retention in the ER by creating a new di-acidic motif on the COOH-terminal side of the Yxx motif (Table 1) (28) . Our finding that a di-acidic signal on one group of proteins mediates efficient recruitment by COPII coats indicates that cargo recruitment from the ER occurs by a selective mechanism as we previously proposed (2, 29) . The presentation of DXE or other signals may be the ultimate determinant in dictating the variable rate of export of cargo from the ER. 
